Abstract-Microgrids are becoming important constituents of electric power distribution networks. Microgrids are typically comprised of both inverter interfaced (e.g. double-fed induction generator (DFIG), solar-photovoltaic (PV) system) and noninverter interfaced (e.g. synchronous generator) renewable energy generators (REGs), hence their dynamic characteristics are significantly different from the conventional grids comprised of centralised synchronous generators. Different inherent characteristics of REGs, power dispatch levels, relative REG capacities, and external grid characteristics are some of the important features of significant interest in relation to microgrid dynamic behaviour.
I. INTRODUCTION
NTEGRATION of renewable energy generators (REGs) into electrical power distribution networks has gathered momentum in the recent years due to policy directives on reduction in greenhouse gas (GHG) emission from electrical power generation. At the same time, it is also seen that penetration of REGs in some cases has mitigated the need for expansion of traditional power network, increased reliability, and improved energy efficiency through localised generation and demand side management [1, 2] .
REG technologies typically include wind turbines, microturbines and other cogeneration plants, photovoltaic (PV) systems, fuel cells and small scale hydro generators. These technologies can be combined with associated load within the power network to form a microgrid [3, 4] . Batteries, super capacitors and fly wheels are also often present in microgrids as energy storage devices [5] . Environmental and economic advantages, emphasis on demand side integration, and improvement of power quality and reliability have reinforced the development of the microgrid concept as a sustainable energy supply strategy for distribution networks.
From the perspective of the main grid, a microgrid can be seen as a single controllable entity somewhat similar to a large conventional generation unit. Microgrids can also have the capability to operate in islanded mode during planned and unplanned switching events of the upstream network [6, 7] . With the expanding number and size of microgrids, associated technical challenges such as (a) Power quality and reliability issues, (b) Protection coordination, and (c) Dynamic stability issues will no doubt increase [1] . Out of these, dynamic stability issues that arise due to systems with simultaneously present non-inverter interfaced REGs and inverter interfaced REGs (e.g. conventional generator and PV system) have received very little attention.
A range of aspects such as different inherent characteristics of REG, different power dispatch levels, generator capacities, and external grid characteristics will play prominent roles in successful operation of microgrids in the future. This paper presents a case study carried out focusing on those aspects. The importance of understanding the dynamic behaviour of microgrids is highlighted through a comparative analysis undertaken on a hybrid microgrid containing solar-PV system, double-fed induction generator (DFIG), and synchronous generator such as mini-hydro power plant (MHPP) developed in DIgSILENT Power Factory. The structure of the paper is as follows; Section II presents a critical review on dynamic studies conducted on microgrids. Section III describes the microgrid model and simulation models of the REGs used in the study. Section IV and V present a comparative analysis between inverter and non-inverter based REGs. Finally conclusions of the study are presented in Section VI.
II. DYNAMIC BEHAVIOUR OF MICROGRIDS -A REVIEW
Comprehensive transient and small-signal stability assessment is considered as a significant technical challenge associated with future microgrids. This section presents a critical review of literature related to dynamics of microgrids. 
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Dynamic behaviour of a microgrid due to unplanned islanding mainly depends on the following few factors; pre planned operating conditions, type and location of the fault, islanding detection time, types of REG within the microgrid and post fault switching actions of the system. It is important to have fast and accurate islanding detection methods in microgrids in order to maintain stability. System studies in [8] based on one synchronous generator (SG) and an inverter interfaced distributed generator carried out during and subsequent to islanding of a microgrid illustrate the importance of having properly controlled inverter interfaced REG. Such control can minimise the adverse impacts due to planned and un-planned islanding of a microgrid. Through various simulation scenarios, it has been identified that without fast control actions of inverter interfaced REGs, network disturbances can result in frequency and power oscillations in the microgrid.
Investigations have been carried out in [9] on power management strategies (PMS) for an islanded microgrid based on reactive power control and active power control methods. Three reactive power control strategies have been proposed based on; (1) voltage droop characteristics (2) voltage regulation, and (3) load reactive power compensation. A real power control strategy has been developed based on droop characteristics and a complimentary frequency restoration method. A microgrid with two inverter interfaced REGs and a single synchronous generator in a 13.8 kV distribution network has been developed to investigate small-signal dynamics of a linearised microgrid model. Eigenvalue analysis has been carried out on two scenarios based on PMSs. It has been identified that the stability margin increases when real power is mainly supplied by inverter interfaced REGs. However, analysis of system oscillatory modes has revealed that mechanical oscillatory modes of the conventional generator have a strong effect on dynamic behaviour of the microgrid. Further, these oscillatory modes do not depend on the PMS implemented in the microgrid. It is suggested that load shedding schemes should be incorporated in islanded mode when the generation cannot fulfil the load demand. According to the study, voltage regulation or reactive power compensation is more suitable as the reactive power management strategy for REGs located close to each other.
Small signal stability studies have been carried out using time domain simulations in [10] on an islanded microgrid comprising wind turbine generators, a PV system, a diesel generator, fuel cells, a battery storage system and a flywheel system. Simplified transfer functions have been used to represent the REGs while power losses and controllers have been ignored in the studies.
A systematic approach for small signal modelling of inverter based autonomous microgrid is presented in [11] . According to the study, grid connected microgrid dynamics have been determined mainly by the utility grid due to the relatively insignificant capacity of the REG. However, in islanded mode, local REG mainly determine the dynamic behaviour of the microgrid. During sudden load transients, REG nearest to the load changes respond quickly depending on the effective impedance seen from the load point. Due to the significant resistance present in the distribution network, considerable reactive power exchange between the inverters for an active power variation has been observed. This has been compensated to some extent by increasing the droop in the voltage controllers.
A strategy to reduce oscillations during synchronisation is presented in [12] with investigations on interactions between non-inverter interfaced (based on diesel generators) and inverter interfaced REGs in an islanded microgrid. According to their results, frequency and active power oscillations are less for the inverter interfaced REGs compared to non-inverter interfaced REGs. Voltage angle based droop control strategy was proposed for inverter interfaced REGs to reduce the frequency oscillations in the microgrid.
A new control strategy applicable to a DFIG which can provide voltage and frequency regulation capabilities is presented in [13] . Dynamic performance of a microgrid during islanded and grid connected modes have been improved by using DFIGs with such capabilities. Dynamic studies have been carried out using a DFIG and an SG while operating them at constant power factor mode (closer to unity). The study suggests that post transient power and frequency oscillations in a microgrid could be damped by implementing a primary frequency control strategy in the DFIG.
Stability investigation of an islanded microgrid based on a diesel generator and inverter interfaced REGs, and their control interactions were analysed in [14] . In the study, inverter interfaced REGs have been represented as constant DC voltage sources interfaced via three-phase inverters. An eigenvalue analysis and time domain simulations were undertaken on the islanded microgrid model. According to the study, power-frequency droop of the inverter interfaced REGs does not have a significant impact on the system stability compared to the diesel generators.
Based on critical review of the relevant literature considered in this section, some important aspects in dynamic stability studies which require special attention have been identified. In many occasions, a generalised model of inverter interfaced REGs have been used in dynamic stability studies [8-9, 11-12, 14] or focused only on a single type of inverter interfaced REG [13] . However, due to unique dynamic characteristics of REGs it is important to represent REGs using a detailed model in dynamic simulations. With the increasing penetration of different generation technologies in networks as stated in Section I, it is important to consider different combinations of REGs in dynamic studies. Controllers have been ignored in [10] while the importance of implementing proper control strategies in microgrids is highlighted in [14] . Much interest has been given to islanded microgrids. However, it is also important to investigate microgrid dynamic behaviour in grid connected mode with various REG and to analyse the effects of external grid on microgrid stability. Further, microgrids with mini-hydro generators based on SGs have received less attention in dynamic stability studies. The following sections will present case studies focusing on some of these aspects covering (a) different inherent characteristics of REGs, (b) power dispatch levels, (c) relative REG capacities, and (d) external grid characteristics on microgrid voltage and frequency behaviour.
III. MICROGRID TEST MODEL AND RENEWABLE GENERATOR

MODELS
Simulations were carried out using a microgrid model developed in the DIgSILENT Power Factory. The REGs were modelled using the DIgSILENT simulation language (DSL). This section presents modelling descriptions of the microgrid and renewable energy generators used in the study.
A. Microgrid model
The IEEE-13 bus model was used to analyse the dynamic behaviour of a microgrid with inverter and non-inverter based renewable energy generators. Fig. 1 illustrates the single line diagram of a 4.16 kV IEEE-13 bus model designed in DIgSILENT Power Factory for this dynamic study. Necessary modifications were made in the IEEE-13 node test feeder [15] to obtain a balanced microgrid. The total active and reactive power demand of the microgrid are 3.8 MW and 2.4 MVAr respectively. Two switched shunt capacitor banks were installed at buses 611 and 675 to provide the reactive power support to the microgrid. The microgrid voltage was maintained between 0.95-1.05 pu, and it was connected to the external grid through a 115/4.16 kV, 10 MVA transformer. Three types of REGs namely; Minihydro power plant (MHPP), DFIG and PV system are considered in the study.
B. Mini-hydro power plant
The plant model of the synchronous generator represents a MHPP. The hydro turbine governor model in [16] and IEEE type AC1A excitation system in [17] have been used to implement the MHPP model. Fig. 2 illustrates the DFIG simulation model developed in DIgSILENT Power Factory [18] . The DFIG was modelled as a three-mass model (i.e. turbine, drive train and generator inertia) and operates at unity power factor mode. Fig. 2 illustrates the functional block diagram of the simulation model developed in DIgSILENT power factory.
C. DFIG model
The active and reactive power was controlled by both PQ and fast current controller of the DFIG model. The current controller is consisted of a damping controller hence it can quickly dampen the power oscillations at the PCC. The crowbar protection was employed to protect the rotor-side converter from large rotor current transients during faults. Fig. 3 illustrates the solar-PV model developed in DIgSILENT Power Factory. The solar-PV system operates at power factor mode while the irradiance level and temperature were assumed to be constant during dynamic studies. 
D. Solar-PV model
IV. MICROGRID DYNAMICS DURING UNPLANNED ISLANDING
Simulation scenarios have been formulated to investigate the dynamics associated with unplanned islanding of the microgrid. During the grid connected mode microgrid generates 4 MW of active power whiles the external grid supplies 1.38 MVAr reactive power support to the microgrid. The following scenarios have been analysed in the study; effect of SG inertia, REG machine MVA rating, REG active power dispatch level, and different types of REG combinations.
A. Different machine ratings
Different active power combinations between inverter (e.g. DFIG and PV) and non-inverter based (MHPP) REGs were analysed while installing generators with different MVA ratings. Therefore, generators are operated at their rated active power output to cater active power demand of the microgrid. Synchronous generator inertia constant (H) was altered according to the machine capacity in order to maintain stored energy constant. The following two scenarios were analysed;  Scenario 1: In this scenario, a MHPP (SG) and a DFIG were connected to buses 646 and 680 respectively to supply the active power demand of the microgrid.  Scenario 2: DFIG was replaced with a PV system having same power rating. Fig. 4 illustrate the frequency response of the microgrid when external grid was disconnected at t = 5 s. Both Figs. 4(a) and 4(b) exhibit similar responses to unplanned islanding of the microgrid, independent of whether it contains a DFIG or a PV system of the same capacity. Further, they also illustrate the significant difference in the oscillatory behaviour exhibited by inverter based REGs (e.g. 25% SG) in comparison to that of non-inverter based REGs (100% SG). Penetration of non-inverter based REGs has a significant effect on improving the damping of power frequency oscillations due to artificial damping provided by the fast current controllers of both DFIG and solar-PV model (refer to Fig. 2 and Fig. 3) . Table I summarises the maximum rate of change of frequency (ROCOF) of the microgrid for both scenarios. Following the disturbance caused by unplanned islanding, the converter of the DFIG quickly controls the power output to pre-fault value since it decouples the inertial response of the turbines from the system. Due to lack of inertial response from DFIG and solar-PV, inertial response is provided only by the SG in the microgrid. Hence, effective angular acceleration of the SG would increase, resulting in an increase in maximum ROCOF. This can be clearly observed from Table I where the maximum ROCOF occurs with 25% of SG in the microgrid. Therefore, when designing protection schemes for a microgrid consisted of both inverter and non-inverter based generation technologies the proportion of each type of must be explicitly considered in the design process. Table II presents It can be observed that with the increased penetration of SG, voltage dip reduces due to the reactive power support provided by the SGs. However, the voltage dip resulting from unplanned islanding still remains within the safe operating region of the ITI (CBEMA) curve [19] , hence the impact on electrical appliances in the microgrid is minimal.
B. Different dispatch levels
In this scenario, 5 MVA MHPP (SG) and 4.5 MVA DFIG have been connected to bus 646 and bus 680 respectively. Different to previous scenarios, only active power dispatch levels of SG and DFIG were changed while maintaining machine capacity constant. Fig. 5 illustrates the frequency behaviour of the microgrid when the external grid was disconnected at t = 5 s. As illustrated in Fig. 5 , with the reduction of active power dispatch from the SG, frequency excursion and maximum ROCOF increases as seen in the previous section due to the increased non-inertial (i.e. DFIG) power generation in the microgrid. However, frequency excursion and ROCOF has significantly reduced in comparison to the previous scenario (Section IV-A) due to increased MVA capacity of the generators (effective stored energy has increased). 
V. MICROGRID BEHAVIOUR DURING FAULTS
A. During grid connected and islanded mode
A three-phase short-circuit fault was applied to bus 634 at t=120 s and cleared after 150 ms during both grid connected and islanded modes. Total active power was supplied by SG and DFIG each having a 2.5 MVA capacity. Post fault frequency and voltage of the grid connected microgrid recovers quickly after clearing the fault due to the active and reactive power support provided by the grid (refer to Fig. 6 and Fig. 7) . However, during islanded mode frequency and voltage recovery times are significantly higher, since during islanded mode voltage and frequency support is provided by the SG. Moreover, both magnitude and the damping time of power frequency oscillations are exacerbated in islanded mode due to the less damping power in the microgrid (refer to Fig. 6) . The voltage at the PCC has reduced significantly during islanding mode (0.3 pu) due to lack of dynamic reactive power support in the microgrid (refer to Fig. 7) .
B. Effects of external grid short-circuit capacity
The impact of external grid short-circuit capacity (SCC) on microgrid dynamic characteristics during faults are analysed by applying a three-phase short-circuit fault at bus 634 at t =1 s for 150 ms. Active power demand of the microgrid was supplied by SG and DFIG/PV each having a 2.5 MVA capacity. The SCC of the external grid was varied in order to study the external grid impact on dynamic behaviour of the microgrid. This can be explained as follows; during the fault, voltage drop in the DFIG stator windings produces sudden changes in stator flux resulting rapid increase in stator current. Due to the magnetic coupling between the stator and the rotor, high current will flow in the rotor and converter. In order to protect from high currents, crowbar resistors are used to bypass the converters. Activation of these crowbar resistors converts the DFIG into a squirrel cage induction generator which consumes more reactive power during voltage dips [20] . Consequently, high reactive power absorption result in larger voltage drop within the microgrid. However, PV systems do not have such reactive power requirement; hence provide better performance during voltage dips.
C. Effect of external grid inertia
Similar to the previous scenario, the same fault was applied in the microgrid and maximum ROCOF was observed for different external grid inertia. Fig. 9 illustrates the frequency behaviour of the microgrid due to a three-phase short-circuit fault for particular external grid inertia. Due to fast electronic controls in both DFIG and PV, inertial response is provided only by the SG which has a dominant effect on damping of frequency oscillations.
By analysing the results in Table IV , it is evident that external grid inertia does not have a significant impact on maximum ROCOF for a particular combination of REGs. However, the microgrid with DFIG and SG has indicated higher ROCOF values compared to microgrids with PV and SG. VI. CONCLUSIONS This paper presents a comparative dynamic analysis between different renewable energy generators connected to a microgrid. The study has shown that the dynamic characteristics of the microgrid are significantly influenced by the individual characteristics of renewable energy generators. Penetration of non-inverter based REGs has a significant effect on improving the oscillatory behaviour of the microgrid due to the emulated damping provided by the fast current controller. Further, studies have shown that different power dispatch levels, generator MVA capacity, and external grid characteristics also influence the dynamic behaviour of the microgrid, thus these factors should be considered when planning microgrids, and in particular designing protection systems for the microgrid. The importance of having dynamic reactive power support in a microgrid for voltage stability improvement was also highlighted in this study.
Future research activities will be carried out with experimental data in order to investigate the dynamic behaviour of a microgrid with various control capabilities for inverter interfaced renewable energy generators. 
VII. APPENDIX
